Abstract Food production is highly dependent on regional yields of crops. Regional differences in grain yields could be due to fertilizer management and climate variability. Here, we analyze trends of grain yields in North China, Northeast China, East China, and Central and Southwest China from 1992 to 2012, using the Chinese statistical yearbooks. We estimate the major factors influencing yield by regression analysis. Results show that fertilizer indices were 40 % for Northeast China, 36 % for East China, 9 % for North China, and 6.8 % for Central and Southwest China. Soil indices were 67 % for Northeast China, 14 % for East China, 90 % for North China, and 6 % for Central and Southwest China. The indices of annual mean temperature were positive for Central and Southwest China (72 %) and East China (39 %), but negative for Northeast China (−15 %) and North China (−16 %). Soil factors explained 80 % of yield variation in North China. Annual mean temperature explained 80 % of yield variation in Central and Southwest China.
Introduction
A major challenge facing China is to meet the increasing food demand of its growing population in the face of decreasing arable land area and varying regional climate conditions while sustaining or improving soil productivity and avoiding adverse environmental impacts from intensive agriculture. Chemical fertilizer is an important factor influencing agricultural productivity. With recurring application of mineral fertilizers matched to yield demand, soil fertility in China has improved in terms of soil nutrient status and soil organic matter since the 1980s. According to the national agricultural subcounty data and the second national soil survey data, China's farmland quality increased gradually, with recurring application of mineral fertilizers in farmlands, from 1985 to 2008. Over the same time period, the total area of low-and mediumyield farmlands declined from 75 to 66 % (Shi et al. 2010) . Although the proportions of low-and medium-yield farmlands in China have decreased under the long-term fertilizerbased intensive cropping systems, the area of low-and medium-yield farmlands is still large (about 66 %), as compared to the proportion of area of high-yield farmlands (about 34 %). It was proposed that there would be potential for increasing grain yields by improving the medium-low yield farmlands (Shi et al. 2010) .
Based on statistical data, China's fertilizer consumption increased tremendously between 1980 and 2005. Total fertilizer consumption increased by about 276 %, while the total grain production increased by about 51 % over this period (Wang et al. 2011) . The average fertilizer rate per unit cropland in China increased from 87 to 307 kg ha −1 , and the average grain yields per unit cropland increased from 2734 to 4642 kg ha −1 over this period. However, the fertilizer-use efficiency, expressed as grain production per unit of fertilizer applied, decreased by about 52 %, from 32 to 15 kg kg −1 during 1980-2005, along with a declining trend of grain yield responses to the increase in fertilizer use over time (Wang et al. 2011) . Several long-term field studies also observed a reduced yield response to continuously increasing application of inorganic fertilizer alone, but not when inorganic and organic fertilizers were applied together ). An analysis based on China statistical data suggested that the fertilizer-use efficiency could be improved by reducing regional N fertilizer input by at least 15 % in the N-rich regions and thus increasing regional fertilizer-use efficiency by 23 %, while yields in the N-poor regions could be improved by 21 % through an increased N input of 13 % (Wang et al. 2011 ).
Other nutrient management practices, such as added organic manure or adjusted NPK nutrient input ratios, are also highly recommended . Rose et al. (2014) , via farmer participatory research, found that using a biofertilizer can replace between 23 and 52 % of nitrogen fertilizer and improve nutrient use efficiency without loss of yield in lowland rice in the Vietnamese Mekong Delta. The efforts to improving low-and medium-yield farmlands may still benefit from not only the regulation in regional nutrient management but also other factors because of regional soil problems, climate variability, management constraints linked to economic development, and increased land-use intensity (Shi et al. 2010; Zhou 2013) . Therefore, the strategies and regional regulation of fertilizer management still need to be strengthened to improve yield response, reduce environmental impacts, and ensure long-term food security. Climate is also an important factor influencing agricultural productivity. Evidence from Chinese and international sources on the impacts of observed climate trends and climate change on agriculture shows that climate change continues to have a major impact on crop productivity all over the world (Lobell and Field 2007; Li et al. 2011; You et al. 2009 ). Liu and Lin (2007) , evaluated statistical data during 1984-2003 and reported that rapid warming as a result of climate change obviously promoted increased total crop production in Northeast China, suppressed it in North China, Northwest China, and Southwest China, but had no obvious influence in East China and Central-South China. An investigation through analysis of climate-yield relationships from 1980 to 2008 in China suggested that reduction in yields, especially for maize, with higher temperature was accompanied by lower precipitation, due to droughts, mainly in northern parts of China. In contrast, a positive correlation between temperature and yield can be explained by the effect of solar radiation accompanied by abundant water resources, mainly in the southern part of China, where interannual variations in precipitation and solar radiation have driven change in cereal yields in China over the last three decades (Zhang and Huang 2012) . A number of studies using historical climate and crop data indicate that climate is affecting cereal yields in China; however, the nature of the impact of climate change on crop yields in China is still not clear. These studies in China are generally either focused on a single aspect of the interactions between climate change and food production or are performed in specific small regions. At the same time, straightforward assessments of climate change impacts on crop yields by crop growth models ignore the adaptation of farmers to climate change through crop choice and management . Recently, Ye et al. (2013) , using crop models to simulate the effect of further climate change on food security in China during 2030-2050, predicts that climate change only has a moderate positive effect on food security as compared to other factors such as cropland area, population growth, socio-economic pathway, and technology development. However, more attention is needed on food safety and balanced nutrition issues in order to ensure food security in China over the long run (Ye et al. 2013) . Therefore, it is important to understand the impacts of a continuous rise in fertilizer use and annual climate variability in rainfall and mean temperature on regional yield differences and yield trends, and the implications that these effects may have for increasing yield potential in the main food production regions of China.
In China's 31 provinces, autonomous regions, and municipalities directly under the central government, there are 13 major grain-producing regions. According to national statistical data in 2012 (National Bureau of Statistics of China (NBSC) 2013), the total major grain (including rice, wheat, and maize crops) production accounted for about 90 % of the national total grain production. The major grain production in the top 13 major grain-producing provinces accounted for 77 % of the national total major grain production, accounting for about 10, 19, 24, and 25 % of the national total, respectively, for North China, Northeast China, East China, and Central and Southwest China (Ministry of Agriculture of China (MOAC) 2009). Figure 1 shows field pictures of maize, wheat, and rice crops in China.
We hypothesize that, in the fertilizer-based intensive cropping systems in China, the changes in regional grain yields or yield responses have been affected not only by fertilizer use but also by annual climate variability, such as changes in annual rainfall and annual mean temperature, over time, during the last 20 years. This paper, based on China Statistical Yearbooks 1993-2013, analyzes regional yield differences associated with regional fertilizer use and annual climate variability in rainfall and mean temperature, over the last 20 years, and assesses the relative contributions of yield-influencing factors, including fertilizer, soil-related factors, climate variability, and temporal variability, in the major grain-producing regions in North China, Northeast China, East China, and Central and Southwest China. The aim of the study is to gather useful information to guide regional fertilizer management practices that can further help enhance regional grain yields under varying regional climate conditions to meet the grand challenge of food production security and sustainable development.
Materials and methods

Site description
The research sites were located in the 13 major grainproducing provinces of China, distributed in the following four regions: (1) North China (Hebei and Inner Mongolia), (2) Northeast China (Heilongjiang, Jilin, and Liaoning), (3) East China (Anhui, Jiangsu, Jiangxi, and Shandong), and (4) Central and Southwest China (Henan, Hubei, Hunan, and Sichuan provinces) (shown in Fig. 2 ).
Data collection and analysis
The statistical data including fertilizer inputs, major grain yields, and annual climate data in the four regions involved in the 13 grain-producing provinces for the period 1992-2012 were gathered from the China Statistical Yearbooks (National Bureau of Statistics of China (NBSC) 1993 (NBSC) -2013 . Data for fertilizer inputs include the total NPK (N +P 2 O 5 +K 2 O) nutrient inputs from nitrogenous, phosphate, potash, and compound fertilizer. Data for major grain yields include the total grain yields of three grain crops, including rice, wheat, and maize. Data for annual climate variability include the data of annual rainfall and annual mean temperature. The data for regional fertilizer use in the three major grain crops were also collected from the National Farm Product Cost-Benefit Survey issued by the National Development and Reform Commission (NDRC) 1993 (NDRC) -2013 . The data were used to analyze the trends in regional grain yields associated with the fertilizer use and annual climate variability in rainfall and mean temperature, over the last 20 years. They were also used to estimate the relative contributions of fertilizer use and climate variability in annual rainfall and annual mean temperature, as well as other factors, such as a soil-related factor and a year-time variable, to regional grain yields, based on the statistical models.
Calculations and estimations
Indices included grain yield, and relative contributions to yields derived from fertilizer, annual rainfall, annual mean temperature, soil-related factors, and year-time variable, respectively, calculated or estimated by the statistical models. Statistical analysis was conducted using the REG procedure of the SAS Institute, Inc. (2004) . Multiple linear regression models were fitted to describe the relationships between regional grain yield and added fertilizer, annual rainfall, annual mean temperature, and year-time variable. The regional grain yield was calculated as function of fertilizer, annual rainfall, annual mean temperature, and year-time variable, as follows.
Where GY grain yields (kg ha Finally, the relative contributions of fertilizer use and climate variability in annual rainfall, and annual mean temperature as well as other factors, such as soil-related factors, and year-time variable to regional grain yields were analyzed, based on the statistical models. The percentage of grain yields derived from fertilizer use, annual rainfall, annual mean temperature, soil-related factors, and year-time variable, respectively, can be calculated to estimate the relative contributions to yields derived from these factors.
Results and discussion
3.1 Trends in regional grain yields, fertilizer use, and annual climate variability Based on China Statistical Yearbooks (National Bureau of Statistics of China (NBSC) 1993-2013), the annual climate variability in rainfall, and mean temperature, major grain sown area, fertilizer use in major grain cropland and fertilizer rate per unit grain cropland, and major grain production and grain yield per unit grain cropland in the major grain yieldproducing regions over the last 20 years , corresponding to an average annual mean temperature of 11.0, 6.7, 16.5, and 16.7°C, respectively, for North China, Northeast China, East China, and Central and Southwest China (but not significantly).
The major grain sown areas for North China, Northeast China, East China, and Central and Southwest China changed by about 32, 63, 4, and −5 %, respectively, from 1992 to 2012, while the major grain production for North China, Northeast China, East China, and Central and Southwest China increased by about 91, 111, 31, and 21 %, respectively, from 1992 to 2012, showing that the changes in the regional major grain production were significantly influenced by the changes in regional major cropland area for the four regions (Fig. 3) . Correspondingly, the fertilizer use in major grain cropland increased by about 115, 101, 31, and 46 %, respectively, during the same period. Date showed that the major grain production for North China, Northeast China, East China, and Central and Southwest China increased by about 40, 30, 10, and 1 %, respectively, from 1992 to 1998, but decreased by 15, 22, 19, and 13 %, respectively, from 1998 to 2003, and then increased by 62, 107, 48, and 38 %, respectively, from 2003 to 2012 (Fig. 3) . Correspondingly, the fertilizer use in major grain cropland for North China, Northeast China, East China, and Central and Southwest China increased by about 61, 22, 27, and 15 %, respectively, from 1992 to 1998, but decreased by 10, 21, 17, and 10 %, respectively, from 1998 to 2003, and then increased by 49, 109, 24, and 41 %, respectively, from 2003 to 2012 (Fig. 3) . The results indicated that the fertilizer use in major grain cropland increased for North China and Central and Southwest China (by 115 and 46 %, respectively) faster than the increase in major grain production (by 91 and 21 %, respectively) during 1992-2012, especially during 1992-1998. Data on yield trend analysis from others (Xin et al. 2012 ) also showed that China's grain yield per unit area reached record highs in 1998, but has stagnated since then; this was mainly attributed to the rapidly growth in agricultural fertilizer consumption since the end of the 1980s.
The regional fertilizer rates per unit grain cropland on weighted average changed from 198 to 324, 217 to 268, 302 to 379, and 245 to 379 kg ha , respectively, for North China, Northeast China, East China, and Central and Southwest China during 1992-2012, corresponding to average increase rates of 4.8 (R 2 =0.79), 1.3 (R 2 =0.19), 2.4 (R 2 =0.26), and 6.0 (R 2 = 0.80) kg ha −1 year −1 (Fig. 3) . The changes in regional grain yields per unit grain cropland on weighted average from 1992 to 2012 significantly increased from 3859 to 5600, 5123 to 6636, 4885 to 6160, and 4752 to 6060 kg ha , respectively, for North China, Northeast China, East China, and Central and Southwest China, corresponding to average increase rates of 70, 53, 52, and 63 kg year . The grain yields per unit grain cropland for North China, Northeast China, East China, and Central and Southwest China increased by about 45, 30, 26, and 28 %, respectively, from 1992 to 2012, correspondingly, the fertilizer rates per unit grain cropland increased by about 63, 23, 26, and 55 %, respectively, during the same period (Fig. 3) . However, the fertilizer rates per unit grain cropland increased faster than the increase in grain yields during 1992-2012 for North China, and Central and Southwest China, showing an unbalanced input-output for grain production in these regions, but not for Northeast China and East China. With China's large size and range of agro-ecological conditions, ecosystem sensitivity and exposure can vary considerably, leading to complex spatial patterns of response (Li et al. 2011) . Our results for the four regions showed yield variability in both temporal and spatial variability, due to regional differences in fertilizer input, annual rainfall, and annual mean temperature. As described previously, the increasing trends and differences in regional grain yields in the four regions over the last 20 years were mainly associated with increased fertilizer use over time, while the average fertilizer increase rates (in kg ha
) were in the order of Central and Southwest China (6.0)>North China (4.8)>East China (2.4)>Northeast China (1.3). Results showed that both the fertilizer use in major grain cropland and fertilizer rates per unit grain cropland increased for North China, and Central and Southwest China faster than the increase in both the major grain production and grain yield per unit grain cropland during 1992-2012, especially during 1992-1998; however, the increase in fertilizer use for Northeast China was slower than the increase in grain yield during the same period. Machado et al. (2002) reported that managing factors that influence the temporal variability of crop yields is a major challenge to farmers because temporal variation reflects variation in precipitation, soil moisture, nutrient status, disease, and pests in time and is very difficult to predict. Huggins and Alderfer (1995) reported that temporal variability explained more than 50 % of crop yield variability across years and sites in corn. Eghball and Varvel (1997) found that temporal variability was more important than management (i.e., N fertilizer and cropping sequences). Girma et al. (2007) also found that temporal variability due to yield-limiting factors other than N is a major factor controlling winter wheat grain yield, followed by N fertilizer. This observation supports the current notion that "average based" N recommendation should be avoided and suggests a shift to alternate strategies for managing temporal variability. Crop management practices that do not attempt to control or minimize the effects of both temporal and spatial variability are incomplete and can have large detrimental economic effects for producers (Girma et al. 2007 ); hence, improvements in the control and management of site-specific farming, especially some temporal effects, may lead to substantial gains in grain yield and profitability (Machado et al. 2002) .
Regional grain yields in responses to fertilizer use and annual climate variability
The regional yield responses to fertilizer use from 1992 to 2012 were significantly positive for Northeast China and East China, but not for North China and Central and Southwest China, correspondingly, with average rates of change of 7.8 (R 2 =0.48), 4.2 (R 2 =0.37), 1.7 (R 2 =0.079), and 2.0 (R 2 = 0.066) kg ha −1 (Fig. 4) . The regional yield responses to climate variability in annual rainfall and annual mean temperature were small but significant for Central and Southwest China (Fig. 4) . The grain yield for Central and Southwest China was positively correlated with the increase in both annual rainfall (R 2 =0.27) and annual mean temperature (R 2 =0.48), indicating that annual climate variability had a greater influence on grain yields for Central and Southwest China than the fertilizer use (R 2 =0.066). The statistical analysis of annual variations in grain yields by regions in response to added fertilizer, annual rainfall, and annual mean temperature, as well as year-time variable for the period 1992-2012 is shown in Table 1 . The statistical models could satisfactorily explain the increasing trends in regional grain yields over the last 20 years, in response to fertilizer application rates, annual rainfall, annual mean temperature, and year-time variable, accounting for about 80, 59, 61, and 80 % of yield variability, respectively, for regions North China, Northeast China, East China, and Central and Southwest China (Table 1) . During 1992-2012, the regional grain yields and fertilizer added were significantly positively correlated for Northeast China, East China, and Central and Southwest China with regression model coefficients of 9.3, 5.7, and 1.2 kg kg −1 , respectively, but less correlated for North China (1.7). The regional fertilizer use on weighted average increased from 217 to 268, 302 to 379, 198 to 324, and 245 to 379 kg ha −1 , respectively, for Northeast China, East China, and Central and Southwest China and North China during the same period, corresponding to average increase rates of 1.3, 2.4, 4.8, and 6.0 kg ha −1 year −1 (Fig. 3) .
Changes in regional grain yields were not significantly affected by annual variations in annual rainfall, except for Central and Southwest China (P<0.0001). The regional grain yields and annual mean temperature were significantly positively correlated for Central and Southwest China, and East China with coefficients of 237 and 128 kg°C −1 , respectively, but less correlated for North China and Northeast China, indicating that grain yields in some regions might be more sensitive to annual climate variability in annual rainfall, or annual mean temperature than to fertilizer added, especially for Central and Southwest China. It may be that fertilizer supply became less limiting over time in Central and Southwest China due to increases in residual nutrient resulting from the continuous increase in fertilizer use over time. The increasing trend in grain yields with increased fertilizer use over time in the four regions over the last 20 years was significantly related to the year-time variable (Table 1) , with coefficients of 71, 34, 38, and 46 kg year −1 , respectively, for North China, Northeast China, East China, and Central and Southwest China, indicating that annual variations in regional grain yields may also be attributed to other factors, probably to increased soil fertility or water availability related to improved farming practices. Over the last 20 years, fertilizer use in China has rapidly increased to meet the increasing food demand of its growing population. Fertilizer use plays an irreplaceable role in China's food production, resulting in a 50 % increase in the total grain production in China (Wang et al. 2011) . However, several long-term field studies have observed a reduced yield response to continuously increasing chemical fertilizer use . Previous analysis showed that the growth rate of grain yields was closely related to the increase in fertilizer use during 1980-1985, while there was a declining trend of yield response to the increase in fertilizer use over the subsequent time period , and an increasing number of regions with little or no yield response to changes in fertilizer rate over time after the 1990s (Wang et al. 2011 ). As our results indicated, regional yield responses to fertilizer added were positive (Table 1) over time, while they were higher for Northeast China and East China, as compared to North China and Central and Southwest China, with regression model coefficients (in kg kg −1 ) of 9.3, 5.7, 1.7, and 1.2, respectively, for Northeast China, East China, North China, and Central and Southwest China. In the fertilizer-based intensive cropping systems, fertilizer-use management has been a major limiting factor in China's agricultural sustainable development. Experts suggest that intensive use of arable land will be required in the future to ensure food security in China (Zhou 2013 ), but it must be coupled to sustained soil productivity and environmental quality.
Many studies in China showed that climate variability may produce either positive or negative effects on crop yield depending on regional conditions and crop varieties (Piao et al. 2010) . A recent study on regional-scale yield-temperature relationships, using gridded climate and observed crop yield data since 1980 in China, shows considerable reductions in spring wheat yield in the central Northeast, winter wheat in the Yellow River basin, and maize in Southwest China in response to increasing temperature. However, in most of the main food-producing areas, crop yields have either remained constant or increased over this period due to better agronomic management (Xiong et al. 2014) . Lin et al. (2008) reported that higher temperatures were beneficial to agricultural production in Heilongjiang province in the absence of drought or meteorological disasters and that the change in precipitation did not necessarily affect crop yields. He indicated that fertilizer was the leading driving economic force that had steadily increased grain yields in the whole Heilongjiang province over the 15-year period from 1986 to 2000. Therefore, it is necessary to include such major factors as physical inputs into the crop yield-climate function to accurately estimate climate impact on crop yields and to distinguish the effect of climate from other crop yield drivers (You et al. 2009 ).
Analysis of relative contributions of yield-influencing factors
Further analysis of the relative contributions of major yieldinfluencing factors, including soil-related factors, fertilizer rate, annual rainfall, annual mean temperature, and year-time variable, respectively, using the percentage of grain yields derived from these factors, based on multiple linear regressions (Table 1 ). The results averaged over 1992-2012 (in Table 2 ) showed that for the indices of factors influencing yields, the indices of soil-related factors were in the orders of North China (90 %)>Northeast China (67 %)>East China (14 %)>Central and Southwest China (6 %), while the indices of fertilizer were in the orders of Northeast China (40 %)> East China (36 %)>North China (9 %)>Central and Southwest China (6.8 %). The indices of annual mean temperature were positive for Central and Southwest China (72 %) and East China (39 %) but negative for Northeast China (−15 %) and North China (−16 %) as shown in Table 2 . The indices of annual rainfall were generally lower (Tables 1 and 2 ). The most important factors influencing yields were identified as follows, soil-related factors (90 %) for North China, both soilrelated factors (67 %) and fertilizer (40 %) for Northeast China, both annual mean temperature (39 %) and fertilizer (36 %) for East China, and annual mean temperature (72 %) for Central and Southwest China (Table 2) . Based on the analysis results, regional nutrient management strategies can be suggested accordingly (see Table 2 ). For instance, recommendations for North China, reduced-fertilizer inputs and/or soil-based nutrient management, are highly recommended due to little yield response to increased fertilizer inputs. For Northeast China, balanced-nutrient inputs are recommended to further enhance soil productivity. For East China, organic-fertilizer inputs and/or crop residue return are recommended to enhance soil fertility. For Central and Southwest China, seasonal response nutrient management and/or split-fertilizer application are recommended to reduce nutrient loss and improve fertilizer-use efficiency. Climate changes may interact with other factors such as geographic locations, water, and N availability in affecting crop yield (Trnka et al. 2012) . As the above analysis results with multiple linear regressions show, among the major yieldinfluencing factors, the soil-related-factors were more important than both fertilizer use and annual climate variability in rainfall and mean temperature for North China, while both soil-related-factors and fertilizer use were more important than annual climate variability for Northeast China. However, the grain yield for East China was more sensitive to both annual mean temperature and fertilizer use than soil-related-factors, while the grain yield for Central and Southwest China was more sensitive to annual climate variability, especially annual mean temperature, than both fertilizer use and soil-relatedfactors. Kaufmann and Snell (1997) found that climate changes accounted for 19 % of the variation in corn yields for the counties in the US Midwest, while economic-technical changes accounted for 74 % of the variation. Lobell and Field (2007) reported that the temperature and precipitation during the growth period explained 30 % or more of the yearto-year variation in global average yields for the top six widely grown crops. You et al. (2009) , using crop-specific panel data to investigate the climate contribution to Chinese wheat yield growth, observed that wheat yield decreased by about 3-10 % for each 1°C temperature increase and that a 4.5 % reduction in wheat yields was attributed to rising temperatures over the period 1979-2000, as compared to an increase of 64 % attributable to physical inputs. Studies in Jilin Province in China showed that the contribution of the climate factor to grain yields was 0.21-0.35, and contribution of the economictechnical factor was 0.65-0.79, with the amount of fertilizer used being the main factor affecting grain yields and yield changes from 1980 to 2008 (Yao et al. 2011) . Liu et al. (2013) observed that warming tended to give larger yield reductions at higher N fertilizer rates, probably because water shortages resulted from the increased water consumption due to both higher N and temperature. Clearly, climate is the major uncontrollable factor that influences crop yield, but it is difficult to separate the effect of changes in climate over time from that of other factors such as the increased use of modern inputs and intensified crop management that were introduced during the Green Revolution (Gu 2003) . As Asseng et al. (2011) reported, ascribing the yield reduction from warming to higher temperatures alone is misleading without considering the complex impacts and interactions of other factors such as varieties, soil water content, crop management, and rainfall. However, recent studies in China are generally focused on a single aspect of the climate-yield relationships, but ignore the Regional yields are mainly influenced by annual mean temperature. Increased temperature conditions not only can benefit crop growth and nutrient uptake but also influence soil nutrient decomposition and loss. Seasonal response-nutrient management/or split-fertilizer application are recommended to reduce nutrient loss and improve fertilizer-use efficiency P value probability value, showing significance at P<0.05; NS not significant interactions of other factors, and the adaptation of farmers to climate change through crop choice and management . Therefore, region-specific analysis is important in clarifying the trade-offs between agricultural intensification and environment degradation (Yu et al. 2012) , as well as climate variability or temporal variability (Girma et al. 2007) , to help in developing region-specific fertilizer management practices under varying regional climate conditions.
Conclusions
This study, based on China Statistical Yearbooks 1993-2013, showed that the increasing trends and differences in regional grain yields in the four regions over the last 20 years were mainly associated with increased fertilizer use over time, especially for Northeast China and East China. However, the fertilizer use increased faster than the increase in grain yields during 1992-2012 for North China, and Central and Southwest China, showing an unbalanced input-output for grain production in these regions. During 1992-2012, regional yield responses to fertilizer use, with regression model coefficients in kilogram per kilogram were in the order: Northeast China (9.3) > East China (5.7) > North China (1.7) > Central and Southwest China (1.2), while the average fertilizer increase rates in kilogram per hectare per year were in the reverse order of Northeast China (1.3)<East China (2.4)<North China (4.8) <Central and Southwest China (6.0). Based on the statistical models of multiple linear regressions, the indices of relative contributions of the major yieldinfluencing factors to regional grain yields for the period 1992-2012 were estimated, The indices of soil relatedfactors was in the order of North China (90 %)>Northeast China (67 %)>East China (14 %)>Central and Southwest China (6 %), while the indices of fertilizer was in the order of Northeast China (40 %)>East China (36 %)>North China (9 %)>Central and Southwest China (6.8 %). The indices of annual mean temperature was strongly positive for Central and Southwest China (72 %) and East China (39 %), but negative for Northeast China (−15 %) and North China (−16 %). Among these indices for the period 1992-2012, the indices of soil-related-factors for North China but both soil related-factors and fertilizer for Northeast China were the highest, while the indices of annual mean temperature and fertilizer for East China but the of annual mean temperature for Central and Southwest China were the highest. Based on the analysis results, regional nutrient management strategies in the four regions are suggested accordingly. For instance, reduced-fertilizer inputs in North China, balanced nutrient management in Northeast China, increased organic fertilizer inputs in East China, and seasonal response nutrient management in Central and Southwest China are recommended.
The results demonstrate an integrative analysis of regional yield-influencing factors, including fertilizer and temporal and climate variability, providing more information to help in developing region-specific nutrient management practices under varying regional climate conditions in China.
